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INTRODUCTION
Almost 20 years ago, the orally-available biguanide drug metformin (Glucophage) was approved by the US Food and Drug Administration (FDA) for the treatment of type II diabetes (non-insulin dependent diabetes mellitus-NIDDM). Since then, the therapeutic application of metformin has increased. Most recently, metformin gained the attention of some investigators in the oncology community (Berstein et al., 2012; Evans et al., 2005) . Metformin appears to suppress constitutively active tumor suppressor pathways in some malignancies (Green et al., 2010) . As a consequence, the use of metformin may become more widespread, as physicians look for cheaper but effective alternative for cancer treatment. However, there is a growing concern about the hepatotoxicity associated with the use of metformin (Cone et al., 2010; Miralles-Linares et al., 2012) .
Numerous stimuli including drugs, infections, alcohol, etc., can produce hepatotoxicity, resulting in alterations in structure and content of organelles (Weibel et al., 1969) . Hepatotoxicity arising from drug exposure can be determined by various methods including biochemical assays (Eghbal et al., 2013) , electron microscopy and morphemetric and stereological analyses. These methods, either alone or in combination, have been used for decades to evaluate changes in cell structure and physiologies.
This present study combined high resolution transmission electron microscopy and morphometry to study potential ultrastructural changes in the hepatocytes of spontaneously hypertensive rats treated with metformin. Among the most profound differences between control (n=8) and metformin-treated (n=8) animals (MT), were volume density of lipid bodies and the surface density of endoplasmic reticulum. One-analysis of variance (ANOVA) on morphometric data showed lipid volume density was lower in hepatocytes of MT animals than in those of control subjects. Similar statistical analysis showed significantly lower surface density for endoplasmic reticulum for hepatocytes of MT animals compared to controls. These results are likely to be associated with the effects of metformin on lipid metabolism, and may not reflect on hepatotoxicity in this animal model.
MATERIAL AND METHOD
Animals. Sixteen two-week old male spontaneously hypertensive rats (SHR), obtained from Taconic Laboratory (Germantown, NY) and housed in the Animal Care Facility of Lehman College were fed a regular diet of rat chow and maintained on a twelve-hour light/dark cycle at room temperature (25°C). SHRs exhibit defects in carbohydrate and lipid metabolism similar to those found in subjects with essential hypertension such as hyperinsulinemia, impaired glucose tolerance, and reduced insulin-mediated glucose uptake (Buchanan et al., 1992; Mondon & Reaven, 1988) . Drug Administration. Experimental animals (n=8) were fed an initial dose of 350 mg/Kg/day of metformin in their drinking water. The dose was gradually increased to 500 mg/Kg/day for the first two weeks, and maintained at this dose for an additional two weeks. At the end of the fourweek metformin treatment, rats were anaesthetized with ketamine (40 mg/Kg) followed by xylaxine (25 mg/Kg), and tissue from liver of each animal was immediately removed for the ultrastructural study. Control group (n=8) was fed only drinking water. All procedures were performed in accordance with the Lehman College Institutional Animal Care and Use Committee and the National Institutes of Health guidelines for the care and use of experimental animals.
Tissue preparation and fixation. Freshly obtained liver tissue was diced into 1 mm 3 , fixed in 3% gluteraldehyde in 0.1 M Na-K phosphate buffer (pH 7.2) for one hour at room temperature, rinsed in phosphate buffer and then post-fixed for one and a half hour in 1% osmium tetraoxide (OsO 4 ) in 0.1 M Na-K phosphate buffer (pH 7.2). After post-fixing, tissue was rinsed in the aforementioned buffer and dehydrated in graded ethanol (50%, 70%, 95%, 100%, 100%, 100%), and propylene oxide (3 changes), and embedded in epoxy resin, Epon (eight blocks per subject) which was polymerized in an oven maintained at 65°C, for 72 hours (Luft, 1961) . Blocks from each animal were trimmed, exposing embedded tissue. Sections from each block were cut with Reichert Ultracut-S ultramicrotome using a diamond knife. Silver-gold (60-90 nm thick) sections were selected and mounted on 300-meshed copper grids. Sections were then stained first with lead citrate for five minutes, then in saturated aqueous uranyl acetate (10%) for 40 minutes, then in freshly centrifuged or filtered lead citrate for another 20 minutes (Daddow, 1983) .
Transmission electron microscopy. Mounted sections were examined in a Hitachi H-7000 electron microscope at 75 Kilovolts and at magnification of 2000 (for volume density) and 5000 (for surface density). Fields were photographed with Kodak EM film and the negatives were enlarged to give a final magnification of 8000 X and 21,700 X for volume density and surface density, respectively.
Computation and Morphometric Analysis. Whole mononucleated liver cells from randomly selected sections of each grid were photographed. A total of 80 micrographs (10/animal) of whole cells per group were obtained for morphometric analysis. Volume density were performed by point counting method (Weibel) . A grid system with dots 75 millimeters apart and connected with parallel lines was used for scoring. This grid was randomly placed over each print and counts were made of dots falling on the item of interest (Cornejo et al.) . From the counts of total dots over the whole cell, volume density was calculated as described (Weibel) and expressed as a percent of the whole cell occupied by the item of interest. For surface density of cytoplasmic membranes (endoplasmic reticulum), the upper right hand corner of cells' cytoplasm was taken at an initial magnification of 5000 and enlarged to total magnification of 21,700 times. Scoring of line intercepts of endoplasmic reticulum was done by randomly placing over the micrographs, a series of parallel lines occupying an area of 40 cm 2 and counting the number of times the membranes intersect the lines within the square area. From these data the surface density of endoplasmic reticulum was calculated as described (Weibel) .
Statistical Analysis. Statistical data analysis was carried out using SAS 9.1.3 (SAS Institute Inc.) and StatView 5.0 (SAS Institute Inc.). Data from the volume density and surface density of were determined from the 80 cells per group and expressed as Means±SEM. One-way analysis of variance (ANOVA) was used to test for differences between the means of control and MT groups.
RESULTS
Morphometry was used on high resolution electron microscopic images to determine ultrastructural changes of MT on rat hepatocytes. Although the analysis was carried out for different subcellular organelles, the most profound and significant effects were detected for lipid bodies and the endoplasmic reticulum.
Changes in cellular lipid content. Lipid bodies (L) appeared as huge, gapping, round holes in the sections of control (Fig.  1A) but were either less prevalent or completely absent from hepatocytes of animals from the MT group (Fig. 1B) . This qualitative observation was validated by one-way ANOVA on morphometric data. There was a highly significant difference between the mean volume density of lipid bodies of control and that of MT hepatocytes (F=136.48, P<0.0001) ( Table I) . Mean volume density for control cells was 5.42% (±0.36 SEM) and that for the treated group 1.13% (±0.04 SEM) (Table II) . This represents morphometrically, approximately 79% decrease in basal lipid metabolism.
Decrease in surface density of endoplasmic reticulum. One-way ANOVA analysis was also carried out on the surface density data of endoplasmic reticulum. There was significant difference between surface density of control and MT -F=12.45, P<0.003 (Table III (Table II) . This represents a decrease of 16.77% in surface density or surface area of endoplasmic reticulum.
DISCUSSION
The morphometric data indicated that metformin treatment caused a steep decrease in basal cellular lipid content of the liver cells. The in vivo data in this study is consistent with in vitro studies in which metformin treatment resulted in decrease basal lipogenesis of cultured rat hepatocytes (Melin et al., 1990) . Metformin also inhibited lipid biosynthesis in liver and intestine (Marquié, 1978) and accelerated the spontaneous regression of excess lipids in the liver of cholesterol-induced atherosclerosis rabbits (Marquie, 1979) . These combined effects of metformin may lead to a decrease in body weight and normalize serum lipid profile in obese type II diabetes (Bailey et al., 1992; Hermann, 1979; Vigneri & Goldfine, 1978) . Metformin elicits its antilipidemic roles by activating monophosphateactivated protein kinase (AMPK) or by inhibiting lipogenic enzymes (Bhalla et al., 2012) . Consistently elevated serum lipids and obesity have been linked to chronic inflammation which is an important risk factor in the development of malignancies (Melvin et al., 2013; Ramos-Nino, 2013) . Therefore, the anti-lipidemic role of metformin may reduce inflammation and subsequently reduce risk of developing cancer. Indeed, metformin is currently being investigated for potential anti-tumor effects, as metformin appears to activate tumor suppressor pathways (Sarfstein et al., 2013; Shaw et al., 2005) .
The data also showed the MSD of ER of the hepatocytes of MT rats was significantly reduced compared to that of control subjects. The ER (smooth and rough) functions in the synthesis of enzymes, some of which are important for degradation and/or synthesis of macromolecules (such as protein, carbohydrates, and lipids). Therefore, decrease of MSD of ER arising from metformin treatment could mean that synthesis of the constitutive enzymes, including those that catalyze lipid biosynthesis, might also be reduced or partly suppressed. This may help to explain the simultaneous decrease in lipid content and surface density of endoplasmic reticulum, due metformin treatment.
The in vivo ultrastructural changes that metformin induced on the hepatocytes in this study may not be an indication of drug toxicity, but an indication of the structural changes that underlie the physiology of the drug, at least in the animal model used in this study. 
RESUMEN:
La metformina, una biguanida oral aprobada para el tratamiento de la diabetes tipo II, es también ampliamente prescrita para otros cuadros clínicos. Actualmente, la metformina está siendo investigada como posible agente anti-tumoral. Sin embargo, ha habido recientes preocupaciones acerca de la hepatotoxicidad asociada con el uso de metformina. En este estudio, por medio de la microscopía electrónica de transmisión (MET) de alta resolución y morfometría, se investigaron los posibles cambios ultraestructurales, inducidos por el tratamiento con metformina, en los hepatocitos de ratas espontáneamente hipertensas (REH). El análisis morfométrico se llevó a cabo en imágenes de células seleccionadas al azar a partir de tejido hepático seccionado, fijado con glutaraldehído-osmio e inmerso en Epon. El análisis de la varianza (ANOVA) de los datos morfométricos mostró diferencias significativas en la densidad de volumen medio (DVM) de cuerpos lipídicos (F=136,48, P<0,0001) y la densidad de superficie media (DSM) del retículo endoplasmático (RE) (F=12,45, P<0,003) entre los hepatocitos control (n=8) y los animales tratados con metformina (MT) (n=8). La DVM para el grupo control fue de 5,42% (±0,36 EEM), pero disminuyó significativamente en el grupo MT (1,13%, ±0,04 EEM). Del mismo modo, la DSM del RE para el grupo control fue de 24,7 µm , ±0,28 EEM). Estos datos están probablemente más relacionados con los efectos de la metformina sobre el metabolismo de los lípidos, y no se relacionarían con la hepatotoxicidad por inducción de la droga, en REH.
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